DOUBLE TRANSPOSITION METHODS FOR MANIPULATING NUCLEIC ACIDS 



CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims the benefit of US Provisional Patent application number 

60/251,482, filed December 5, 2000, which application is incorporated by reference herein as if 
set forth in its entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 
OR DEVELOPMENT 

[0002] This invention was made with United States government support awarded by the 

National Institutes of Health, Grant No. GM50692. The United States has certain rights in this 
invention. 

BACKGROUND OF THE INVENTION 
[0003] Manipulation of nucleic acids and proteins is an important aspect of modern 

molecular biology. In particular, the science of combinatorial genetics has advanced in recent 
years as it has become apparent that proteins having altered structure and function can be 
engineered by swapping large or small portions of the amino acid sequence with other related or 
unrelated amino acid sequences. Using this approach, it is also possible to engineer novel 
proteins that bring together in a single molecule the structures and functions of diverse 
molecules. Such manipulations are most readily undertaken at the nucleic acid level. The 
nucleic acids thus produced can be transcribed to produce fusion RNAs and translated either in 
vitro or in vivo using known methods and the recombinant proteins thus produced can be 
isolated. Other manipulations, such as inserting polynucleotides of interest into a chromosome, 
deleting sections of a chromosome, or cloning sections of a chromosome are also of interest. 
Moreover, various approaches are known for shuffling gene pieces and selecting or screening for 
products having one or more desired activities or properties. Examples of such technologies 
include US Patent Numbers 5,605,793, 5,830,721, and 6,132,970. A number of companies 
including Maxygen, Diversa, Applied Molecular Evolution, and Genencor International among 
others specialize in directed molecular evolution. See Pollack, A., "Selling Evolution in Ways 
Darwin Never Imagined," New York Times, page Bl, October 28, 2000. 
[0004] Recently, non-transposition based methods for generating large libraries of 

randomly fused genes have been reported. Ostermeir and co-workers first described a method 
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termed ITCHY that involves the incremental truncation of two genes by use of ExoIII nuclease 
followed by S 1 nuclease treatment, polymerization, and ligation of fragments to form random 
fusions (Ostermeier et al, 1999; Lutz et al, 2000). A second method has also been reported that 
utilizes random cleavage of DNA followed by a series of digestion and ligation reactions to 
create random fusions. This technique, called SHIPREC, also has features that increase the 
amount of useful fusions if both proteins have similar length and domain organization (Seiber et 
ah, 2001). Existing methods for gene shuffling and chromosome manipulation are complex and 
can exhibit a bias for or against particular recombination sites and sequences. Thus, the art 
continues to develop more sophisticated manipulations. 

[0005] Various aspects of an in vitro transposition system that employs sequences from, 

and sequences derived from, the Tn5 transposon are described in US Patent Numbers 5,925,545, 
5,948,622, and 5,965,443, each of which is incorporated by reference herein as if set forth in its 
entirety. International publication Number WO 00/17343, also incorporated herein by reference 
as if set forth herein in its entirety, discloses a system for introducing into cells synaptic 
complexes that comprise a Tn5 transposase and a polynucleotide having flanking sequences that 
operably interact with the transposase to form a synaptic complex. 

[0006] Even though these known systems for Tn5-based in vitro transposition are effective 

and very useful, they do not provide sufficient manipulative control to meet the technological 
goals noted above. 

[0007] Efforts are also underway to define so-called minimal bacterial genomes for 

growth under defined conditions and, similarly, to identify genes essential for growth under 
defined conditions. Determining the content required for a minimal bacterial genome is of 
intense interest. One approach is to assemble the theoretical minimal genome in silico by 
comparing a variety of different microbial genomes. Alternatively, the smallest genome amongst 
existing genomes (mycoplasma) can be analyzed by mutagenesis. E.coli K12 is a preferred 
bacterium, because of it simplicity in handling, and its short generation time. It is desirable to try 
to generate a minimal or significantly reduced E.coli K12 genome, which may shorten the 
already short doubling time in rich media. 

[0008] Recently developed transposon-based approaches involve inserting a transposon 

into a gene to (1) knockout or disrupt a gene function or (2) introduce a lethal mutation that 
cannot be observed in an essential gene. These methods essentially catalogue transposition into 
non-essential genes. It is assumed that any gene that contains no transposon insert is essential. 
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[0009] An important alternative approach involves affirmatively identifying essential 

genes in libraries of cells, where the cells contain transposons having selectively regulated 
outwardly-facing promoters inserted upstream from an essential gene. While the cells of interest 
are not viable on media that cannot activate a transposon promoter, expression is restored by 
selectively activating either or both of the transposon promoters. Unfortunately, only a few of 
the transposon inserts in a library will insert into the promoter region of an essential gene. 

BRIEF SUMMARY OF THE INVENTION 
[0010] In a first aspect, the invention is summarized in that a transposable polynucleotide 
is suitable for use in methods for manipulating nucleic acids to create libraries of cells that 
contain transposed nucleic acid when the polynucleotide comprises two or more inverted repeat 
sequence pairs ("transposase-interacting sequences") arranged as disclosed herein, where each 
pair has a distinct and separable ability to interact with a distinct transposase enzyme. The pairs 
can be provided in a nested fashion such that both members of one pair are flanked by both 
members of the second pair. In a related aspect, it is not essential to provide two complete pairs 
of transposase-interacting sequences in a single transposon, nor to introduce all of the 
transposase-interacting sequences by transposition. Rather, as will become more apparent below, 
a first member of one pair can separately be provided directly on the substrate DNA for use in a 
second of two transposition events with a second member of the pair, the second member being 
introduced during a first of two transposition events. By providing and arranging selectable 
markers, origins of replication, and/or other nucleotide sequences of interest on the transposable 
polynucleotide, one can direct sequential transposition processes to achieve the desired 
manipulated nucleic acids. 

[0011] In a related aspect, the invention is a transposable polynucleotide having 

transposase-interacting sequences and additional sequences arranged as disclosed elsewhere 
herein. The nature of the arrangement dictates the uses to which the transposable 
polynucleotides can be put. 

[0012] In yet another aspect, the invention is summarized in that the transposable 

polynucleotides are introduced into host cells as disclosed to produce libraries of cells that 
achieve the objects of the invention. Using selection and screening methods, cells that have 
undergone desired transpositions can be obtained. In certain embodiments, the host cells 
transcribe and translate double transposition products produced entirely in vitro. In other 
embodiments, a synaptic complex formed in vitro between a first transposase and a transposable 
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polynucleotide of the invention is introduced into a host cell whereupon the transposable 
polynucleotide is transposed into the host cell chromosome. This first transposition is followed, 
upon induction of a second transposase, by a second round of transposition in vivo to yield 
chromosomal insertions or deletions or cloned products excised from the host cell chromosome. 
[0013] In another aspect, the invention is summarized in that a host cell contains an 

extrachromosomal circular polynucleotide that comprises first and second polynucleotide fusion 
portions, each polynucleotide fusion portion comprising a pair of segments from a pair of 
sequences that can encode a fusion RNA that can be translated to produce a fusion polypeptide, 
the members of the pair flanking a pair of transposase-interacting sequences each having a 
distinct and separable ability to interact with one of a pair of transposase enzymes, the pair of 
transposase-interacting sequences defining a junction between the two segments. In certain 
embodiments, the junction has a nucleic acid sequence that permits transcription and translation 
of both fusion segments across the junction. 

[0014] In yet another aspect, the present invention is summarized in that a host cell 

contains a chromosome deleted in length relative to a wild type chromosome and comprising at 
the deletion site in place of the excised material, a pair of transposase-interacting sequences each 
having a distinct and separable ability to interact with one of a pair of transposase enzymes. In 
certain embodiments, the host cell further contains a self-replicating nucleic acid molecule that 
itself comprises the deleted portion of the host cell chromosome. In other embodiments, the host 
cell chromosome further comprises at the deletion site a segment of pre-selected nucleic acid 
between the pair of transposase-interacting sequences. 

[0015] Still another aspect of the invention is summarized in that the transposase- 

interacting sequences are inverted repeats provided in inverted pairs on the polynucleotide for 
transposition. The two kinds of transposase-interacting sequences can be separate from one 
another, can be abutted end to end, or can overlap when it is particularly desirable to minimize 
the size of such sequence elements. As is detailed below, the transposase-interacting sequences 
can be engineered to ensure an open reading frame in either or both polarity, as desired. 
[0016] It is an object of the invention to provide a system for manipulating nucleic acids in 

vitro and in vivo. 

[0017] It is another object of the invention to generate a library of random fusions between 

two polynucleotide or polypeptide sequences, preferably between sequences that, respectively, 
encode and define peptides or proteins of interest. 
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[0018] It is a feature of the invention that the system employs two pairs of transposase- 

interacting sequences each interacting with a distinct transposase. 

[0019] It is an advantage of the invention that transpositions occur without regard to the 

sequences of the nucleic acids into which the transposable elements transpose. 
[0020] It is another advantage of the invention that large libraries (e.g., >1 0 7 individuals) 

having a high level of variability can be produced. 

[0021] Other objects, features and advantages will become apparent upon consideration of 

the following detailed description taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
[0022] Fig. 1 depicts a pair of preferred arrangements of full-length and interleafed 

(compressed) transposase-binding sequences that face in opposite directions. 
[0023] Fig. 2 depicts a first approach to a method for producing a gene fusion library for 

obtaining directed gene and protein evolution products. In the first approach, a first transposase 
binds to and interacts with first transposase-interacting sequences in a donor polynucleotide 
(shown schematically as black triangles) whereupon the newly created transposon is transposed 
into a first target nucleic acid molecule that contains an appropriately-oriented transposase- 
interacting sequence to yield a set of first transposition products. Then, a second transposase 
binds to and interacts with the second transposase-interacting sequences, now both resident in the 
members of the set of first transposition products (shown schematically as white triangles), 
whereupon the donor portions of the first products are transposed into a second target nucleic 
acid molecule. The resulting nucleic acid molecule comprises a fusion sequence having a 
junction portion that includes a pair of distinct transposase-interacting sequences. It will be 
understood that only a few exemplary transposition products are shown, but that, in fact, the 
library of transposition products produced reflects the combinatorial variety resulting from the 
sequential transposition processes. 

[0024] Fig. 3 depicts a second approach to a method for producing a gene fusion library 

for obtaining directed gene and protein evolution products. In the second approach, a first 
transposase binds to and interacts with first transposase-interacting sequences in a donor 
polynucleotide (shown schematically as black triangles) whereupon the newly created transposon 
is transposed into a first target nucleic acid molecule to yield a set of first transposition products. 
Then, a second transposase binds to and interacts with the second transposase-interacting 
sequences in the first transposition products (shown schematically as white triangles) whereupon 
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the donor portions of the first products are transposed into a second target nucleic acid molecule. 
The resulting nucleic acid molecule comprises a pair of fusion sequences, each fusion sequence 
having a junction portion that includes a pair of distinct transposase-interacting sequences. 
Again, it will be understood that only a few exemplary transposition products are shown, but that, 
in fact, the library of transposition products produced reflect the combinatorial variety resulting 
from the sequential transposition processes. 

[0025] Fig. 4 depicts a first aspect of a construct and method for inserting the construct 

into a chromosome of bacterial host cell using the method for incorporating a synaptic complex 
between a transposase enzyme and donor DNA into a host cell chromosome as disclosed in 
incorporated International patent Application No. WO 00/17343. Other constructs described 
below can also be inserted into a bacterial host cell chromosome using this same first aspect. 
[0026] Fig. 5 depicts intrachromosomal in vivo transposition of a construct introduced into 

the bacterial chromosome as generally shown and described in Fig. 4. This in vivo transposition 
yields a deleted chromosome carrying a small residual mismatched pair of transposase binding 
sequences. A second circular product carries a segment of deleted chromosomal material that 
cannot replicate because it lacks a bacterial origin of replication. 

[0027] Fig. 6 depicts a screen for deletion products following the double transposition 

method of Figs. 4 and 5. 

[0028] Fig. 7 depicts intrachromosomal in vivo transposition of a construct introduced 

into the bacterial chromosome as generally shown and described in Fig. 4. By including an 
origin of replication in this construct, the deleted chromosomal material (as in Fig. 5) can be 
maintained, amplified, and isolated for further use or study. 

[0029] Fig. 8 depicts an intrachromosomal in vivo transposition of a construct introduced 

into the bacterial chromosome as generally shown and described in Fig. 4. By including in this 
construct a desired insert, between a mismatched pair of transposase binding sequences, the 
resulting bacterial chromosome includes the insert at the site of the chromosomal deletion that 
yields a desired insert added into the bacterial chromosome at the site of the first transposition 
event. 

[0030] Fig. 9 depicts suitable transposons Tn5DEL7 and Tn5DEL8 for forming, 

respectively, deletions in a bacterial chromosome, and deletions in a bacterial chromosome while 
capturing the deleted portions in an extrachromosomal plasmid. 

[0031] Fig. 10 depicts a set of bacterial chromosomal deletions induced in a method 

according to the invention. 
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DETAILED DESCRIPTION OF THE INVENTION 
[0032] Mutant Tn5 transposase enzymes can preferentially bind to and interact with 

distinct inverted repeat sequences. The end preference of a mutant transposase can be 
characterized either (1) by the in vivo transposition frequency observed when it is used in a 
system in which the target polynucleotide is flanked with particular termini, or (2) by the ratio of 
the in vivo transposition frequencies observed when it is used in a pair of systems in which the 
target polynucleotide is flanked with the termini, respectively. In vitro transposition frequency 
characterization is also possible. 

[0033] The constructs and methods of the invention all employ two pairs of inverted 

repeat sequences ("transposase-interacting sequences") that bind to and interact with a pair of 
transposase enzymes to facilitate directed double transposition as detailed below. The 
transposases are referred to generally herein as transposase l(Tnpl) and transposase 2(Tnp2). 
There are no preordained requirements for the transposase-interacting sequences except that the 
combination of Tnpl and the sequences that preferentially bind to and interact with it have a 
distinct and separable activity from the combination of Tnp2 and its preferential binding 
sequences. 

[0034] By way of example, the Tn5 transposon includes inside end sequences (IE) and 

outside end sequences (OE). A transposase that preferentially binds to and interacts with OE, but 
not IE, is known and disclosed in incorporated US Patent Number 5,965,443. The hyperactive 
transposase there disclosed includes a mutation at position 54 and a mutation at position 372 that 
confer upon the Tn5 transposase a greater avidity for Tn5 outside end repeat sequences than wild 
type Tn5 transposase. A preferred embodiment of that transposase includes a lysine at position 
54 and a proline at position 372. A most preferred embodiment of that transposase also includes 
an alanine residue at position 56. The preferred transposase of US 5,965,443 is referred to as 
Tnp EK/LP. All embodiments of the transposase disclosed in the incorporated patent are useful 
in the present invention. In the examples that follow, this transposase is represented as Tnp2. 
[0035] Further incorporated US Patent No. 5,925,545 discloses that a TnpEK/LP- 

transposase-catalyzed in vitro transposition frequency at least as high as that of wild type OE is 
achieved if the termini include bases ATA at positions 10, 11, and 12, respectively, as well as the 
nucleotides in common between wild type OE and IE (e.g., at positions 1-3, 5-9, 13, 14, 16, and 
optionally 19). The nucleotides at positions 4, 15, 17, and 18 can correspond to the nucleotides 
found at those positions in either wild type OE or wild type IE. It is noted that the transposition 
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frequency can be further enhanced over that of wild type OE if the nucleotide at position 4 is a T. 
The so-called "mosaic end sequences" ("ME") of US Patent No. 5,925,545 can be 
advantageously used in the present invention instead of wild-type OE sequences. Where "ME" 
sequences are used in the patent application, it is understood that ME and wild type OE 
sequences can be used, although use of ME yields a higher transposition frequency. 
Accordingly, Tnp2 can also be referred to as Tnp-OE or Tnp-ME. It is noted that, in the 
presence of Tnp EK/LP (Tnp2), a transposon having one ME and one OE transposes at higher 
frequency than one having a pair of OE termini. Transposons having ME-ME termini seem to 
transpose at a still slightly higher frequency. 

[0036] On the other hand, a second class of hyperactive Tn5 transposase mutants exhibits 

a dramatic preference for Tn5 inside end sequences, and in some cases, methylated inside ends 
(IE ME ), rather than for outside ends (OE), which are unmethylated because they lack a 
methylation site. The members of this class of Tn5 transposase mutants differ from wild-type 
Tn5 transposase protein at least at amino acid position 58 or position 372. In a preferred version, 
the second hyperactive Tn5 transposase mutant differs from wild-type in that it includes a 
cysteine at amino acid position 8, a valine at amino acid position 58, a lysine at amino acid 
position 344, and a glutamine at amino acid position 372. This transposase having four 
differences from wild type Tn5 transposase is referred to as Tnp sC7v2.0 and is used in the 
examples that follow, where it is represented as Tnpl or Tnp-IE. 

[0037] The aforementioned transposase enzymes having distinct and separable abilities to 

interact with distinct transposase-interacting sequences are preferred transposases for use in the 
methods of the invention. However, as long as one coordinates the relative positions of the 
transposase-interacting sequence pairs with the sequence (order) of providing the appropriate 
transposase, there is no requirement that either one of the transposases corresponds to transposase 
Tnpl or Tnp2 as shown in the Figures. It is advantageous that the transposase enzymes have a 
hyperactive transposition efficiency relative to wild-type Tn5 transposase. Particularly when 
screening for transposition events, it is desirable for every cell to have undergone a transposition 
event. Accordingly, as a guideline, at least a 1000 fold activity increase relative to wild-type Tn5 
transposase is considered to be preferred. The Tnp sC7v2.0 IE-specific enzyme described above 
is about 1000 fold more active than wild-type Tn5 transposase. The Tnp EK/LP is at least again 
about 10-100 fold more hyperactive than Tnp sC7v2.0. Mutant derivatives of these enzymes 
having still higher transposition activities while retaining their indicated specificities would be 
advantageously employed in the methods. 
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[0038] One can practice the method by providing the pairs of transposase-interacting 

sequences on a transposon in a nested manner such that the outer pair is employed to introduce 
the transposon into a target DNA. As an alternative, one member of a first pair of transposase- 
interacting sequences can be provided on the target while the second is provided in a proper 
orientation on the transposon, flanked by the second pair. When the transposon is subsequently 
introduced into the target, the first and second members of the first pair of transposase-interacting 
sequences are then positioned for subsequent transposition in the presence of a suitable 
transposase enzyme. 

[0039] It is also possible, but less preferred, to practice the methods of the invention using 

a single transposase enzyme with pairs of the corresponding end sequence arranged in inverted 
back-to-back positions. In this approach, one can rely upon the screening and selection methods 
to yield only the transposition products of interest. However, the method is less preferred 
because it cedes some measure of control over the transposition processes themselves. 
[0040] The methods of the invention are described below and are conceptually related in 

that each takes advantage first of one transposase/end sequence set to accomplish a first 
transposition event and then, second, of a second transposase/end sequence set to accomplish the 
second transposition event. By carefully engineering the placement of various components on 
the transposable element in each case, one can produce fusion RNAs, fusion proteins, 
chromosomal deletions, chromosomal insertions, or cloned chromosomal segments. The precise 
structures of the pairs of transposase-interacting sequences are described below. At this juncture, 
it is important only to note when considering the following disclosure, that, in this application, 
Tnpl preferentially binds to and interacts with the end sequences shown schematically as black 
triangles while Tnp2 preferentially binds to and interacts with the end sequences shown as white 
triangles. The triangle points signify the inverted orientations of the members of each pair. 
[0041] In the methods of the present invention, Tnpl and Tnp2 are separately and 

sequentially provided to donor and target DNA molecules to promote directed evolution by two 
sequential transposition events. The result of the various methods disclosed depends upon the 
components provided on the transposed polynucleotides. Conceptually, it makes no difference 
whether Tnpl or Tnp2 is used first, as long as the ends are provided in an orientation that directs 
the two transposition events to occur in the desired order. 

[0042] There is some flexibility permitted in designing the sequences of the transposase- 

interacting sequences without appreciably reducing the OE- (or ME-) or IE-specific binding of 
the transposases. The incorporated US patents describe which bases of the end sequences can be 
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altered without unacceptably reducing the hyperactivity of the appropriate transposase. The 
ability to modify the end sequences can be advantageously exploited to produce a linker, such as 
the linker shown as compressed Linker A in Fig. 1, wherein the OE-related sequence (OE') and 
the IE-related sequence (IE') overlap with one another in a linker that is shorter than would be 
achieved by abutting the OE and IE sequences to one another. Linker A was designed by 
combining the IE and OE sequences. The overlap region does not match exactly the sequence of 
either IE or OE, hence the designations IE' and OE'. The 19 base pairs read from the top left are 
the IE sequence with position 18 changed from C to G (IE'). The 19 base pairs read from the 
bottom right match the OE sequence with positions 17 and 18 (linker positions 16 and 15) 
changed from AG to TC (OE'). As an alternative, compressed Linker B in Fig. 1 depicts a 
similar overlapped dual function linker engineered to respond to IE and ME, the mosaic ends 
mentioned above. Compressed Linker B differs from compressed Linker A only at position 29, 
as shown. 

[0043] The full-length version of an IE/OE linker of Fig. 1 is accorded SEQ ID NO: 1 . 

The compressed version of an IE/OE linker of Fig. 1 (Linker A) is accorded SEQ ID NO:2. The 
full-length version of an IE/ME linker of Fig. 1 is accorded SEQ ID NO:3. The compressed 
version of an IE/ME linker of Fig. 1 (Linker B) is accorded SEQ ID NO:4. 
[0044] The ability to translate gene B - gene A and gene A - gene B fusion proteins 

depends upon the presence in the linker region of an open reading frame in one or both 
directions. By carefully designing the linkers, one can allow both fusion products to be translated 
from start to finish or can ensure that only one fusion orientation is functional. The linkers can 
also be engineered to ensure that at least one reading frame is free of stop codons. This attribute 
ensures that combinatorial fusion proteins are translated through the transposition site. It may be 
preferable to design the linker so that only one reading frame is open so that all functional 
fusions have the same amino acids inserted at the transposition junction. It is also possible to 
recover functional fusion proteins in the method by altering either or both of the gene A and gene 
B starting target sequences such that no functional protein can be produced without two 
sequential transposition events, as described. 

[0045] When producing gene fusion products according to the invention, the length of the 

linker is also important. If the length of the linker is a multiple of three and the linker contains 
only one open reading frame, the fusion point between the protein segments will have a constant 
amino acid sequence. A second consideration concerns the number of inserted amino acids 
resulting from the linker. It can be desirable to minimize the disruption to the natural proteins by 
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using as short a linker as possible. However, this can present challenges because it is difficult to 
overlap the linkers without introducing changes to the OE (or ME) and IE sequences that are 
detrimental to transposition frequency. The compressed linkers of Fig. 1 are likely to be the 
shortest possible linkers that employ these binding sequences. As noted above, Linker A has an 
IE end and an OE end; Linker B has an IE end and an ME end (see Fig. 1). 
[0046] If no overlap is provided in the linker (and none is required in this or any disclosed 

embodiment), a thirty-nine nucleotide long linker would include a complete OE (or ME) 
sequence, a complete IE sequence, and a single nucleotide therebetween to bring the length of the 
linker to a multiple of three. These considerations are of no concern when using the invention for 
manipulations other than gene fusions. Indeed, in the subsequent embodiments, the linkers can 
be overlapping, abutted or non-overlapping unless another aspect of the method dictates a 
separation between mismatched transposase-interacting sequences. 

[0047] It is instructive to look first at the simplest embodiments of the invention, namely 

processes for generating libraries of nucleic acid molecules such as plasmids that contain a pair 
of fused genes that can encode chimeric proteins as shown in Figs. 2 and 3. A pair of distinct 
protein-encoding (or partial protein-encoding) sequences (Gene A and Gene B) are provided on 
separate molecules. A goal of these methods for forming fusion proteins is to bring together N- 
terminal portions of one protein-encoding sequence with C-terminal portions of a second protein- 
encoding sequence, where the library of resulting fusions includes a random set of junction 
points. The gene portions can be from unrelated or related genes. This can be accomplished in 
either of two approaches that share a single underlying principle, although the constructs 
employed differ slightly, as is discussed below. Also, the construct that contains sequences 
encoding the C-terminal portion of the fusion can optionally further comprise another 
polynucleotide fused to the sequence that encodes the C-terminus, where the additional 
polynucleotide encodes a protein that can be directly selected for. This technique not only 
selects expressed fusion proteins for screening, but also eliminates translated fusions that result in 
proteins that are poorly expressed or have low solubility (Maxwell et al, 1999). The successful 
use of a CAT gene for selecting non-homologous gene fusions has previously been reported. 
(Sieber era/., 2001). 

[0048] In one approach, depicted in Fig. 2, a transposon that confers resistance to 

selectable marker SMI is transposed into a first gene using Tnpl to produce an initial insert 
library. Using Tnp2, the products of that library are transposed into a second gene to form fusion 
proteins. More particularly, each of a pair of genes A and B is provided on a separate construct 
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that also comprises an origin of replication and distinct selectable markers, SM2 and SM3, 
respectively. Gene A contributes its N-terminal portion, and Gene B contributes its C-terminal 
portion, to the fusion protein. In this approach, the construct that contains Gene A also includes a 
single Tnp2 transposase-interacting sequence upstream of the gene's promoter. 
[0049] The aforementioned Gene A construct is then mixed with a pre-cleaved transposon 

that includes yet another distinct selectable marker (SMI) flanked at a first end by a first Tnpl- 
specific transposase-interacting sequence, and at a second end by a transposase-interacting 
sequence pair having a Tnp2-specific sequence and a second Tnpl -specific sequence, where the 
Tnp2-specific sequence is between the selective marker and the second Tnpl -specific sequence. 
In a first transposition reaction between these two nucleic acid molecules in the presence of an 
amount of Tnpl effective to catalyze transposition, the transposon inserts into the target construct 
at random positions, some of which are in Gene A. Reaction products are then transformed into 
suitable host cells, such as E. coli cells, under standard transformation conditions. 
Electroporation is a suitable transformation method. The transformed cells are grown under 
selective pressure (SMI and SM2) for cells that contain constructs having the Gene A construct 
and an integrated transposon. The resulting selected cells constitute the initial library of random 
linker inserts. 

[0050] In the presence of an amount of Tnp2 effective to catalyze transposition, DNA 

from the initial insert library serves in a second transposition reaction as the transposon donor. 
The initial insert library DNA is mixed with the target Gene B construct and incubated until 
transposons are cleaved from the initial insert library and then inserted at random locations into 
the target construct to create the library of random fusion constructs that can encode random 
fusion proteins having an N-terminal end contributed by Gene A and a C-terminal end 
contributed by Gene B. The products are transformed into suitable host cells and selected for 
SM3 and against SMI and SM2, which indicates the presence of Gene B construct without the 
Gene A construct or the original transposon of the first reaction. It should be noted that the 
Tnp2-interacting sequence in half of all inserts in the resulting initial insert library is inverted. 
Such inserts cannot participate in the second transposition reaction. 

[0051] As mentioned above, one can alternatively introduce the transposase-interacting 

sequences entirely by transposition, instead of providing a single Tnp2 -interacting sequence on 
the Gene A construct. In this second approach, two fusions are created. This second approach 
also employs a pre-cleaved transposon and separate Gene A and Gene B constructs. Neither of 
the two constructs contains transposase binding sequences at the start of the method, although 
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one of the two constructs contains a conditional origin of replication to prevent improper 
replication of the dual-origin fusion construct that is formed in the method by joining the two 
starting constructs. Since some fusion constructs can have two origins, improper replication 
could result if both starting constructs contain non-conditional origins of replication. 
[0052] Fig. 3 depicts this second approach. In contrast to the first approach, the 

orientation of insertion is not important, as the double ends exist on both ends of the transposon. 
In the first transposition step, parts of genes A and B are transposed to yield a library containing 
two classes of fusion products, namely (1) the N-terminal end of Gene A fused to the C-terminal 
end of Gene B and (2) the N-terminal end of Gene B fused to the C-terminal end of Gene A, 
which can be transcribed and translated to produce fusion RNAs and fusion proteins. 
[0053] To carry out the first transposition step in this second approach, a pre-cut 

transposon encoding selectable marker SMI flanked by pairs of transposase-interacting 
sequences as shown and described is combined with a replication competent circular nucleic acid 
molecule that contains an origin of replication (which can be a conditional origin of replication 
such as a 7i-dependent ori) and a selectable marker as well as a gene sequence (Gene A) that can 
encode a protein. Gene A should include a transcriptional promoter upstream of the gene and a 
stop codon at the end of the coding sequence. The two are combined in the presence of a first 
transposase (Tnpl) that preferentially binds to and interacts with the pair of transposase- 
interacting sequences shown in black under conditions that promote in vitro transposition. 
[0054] Plasmids in the library of in vitro transposition reaction products can be introduced 

into host cells by electroporation and cells that contain a plasmid having a transposon insertion in 
the protein-encoding gene of interest are obtained by plating the host cells on a medium that 
selects for resistance to SMI and SM2. The selection method ensures that no member of the 
library has received an insertion in either the origin of replication or the selectable marker 
provided on the plasmid. A short linker segment remains at each fusion junction. The junction 
point at which the coding sequence of the first protein ends is randomly determined by this first 
in vitro transposition (strand transfer) reaction. These libraries typically contain a sufficient 
number of independent survivals (>10 5 ) to encompass all possible insertion sites, as determined 
by plating of a small dilution of the transformation mixture onto agar plates in the presence of 
both drugs. 

[0055] In a second in vitro transposition reaction shown in Fig. 3, DNA from the members 

of the initial library are mixed in vitro under conditions that favor in vitro transposition with a 
second plasmid containing an origin of replication, a third selectable marker SM3, and a second 
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gene of interest (gene B optionally with promoter) which is intended to be fused with gene A. 
The origin of replication can be a conditional origin of replication if the origin of replication used 
in the first step was not a conditional origin. In this second round of in vitro transposition, 
plasmids from the first transposition library and the second plasmid are mixed under suitable 
conditions with the second transposase (Tnp2) which binds to and interacts with the pair of 
inverted repeats shown in white. In the resulting in vitro transposition, the selectable marker 
present on the original transposon is lost, as it forms the donor backbone DNA, and the 
remainder of the library plasmids are the transposable portions transposed into plasmid B. After 
transformation into a suitable host, those colonies that grow in the presence of SM2 and SM3 
contain fusions as shown at the bottom of Fig. 3. The resulting reactions products can be directly 
transformed into suitable host cells and grown in mixed liquid culture under double drug 
selection to generate a library of desirable products. Plating of small aliquots from reactions has 
revealed that the library can contain >10 7 independent gene fusions. Alternatively, the reaction 
products can be subjected to selection of functional fusion products. These fusion 
polynucleotides can encode fusion RNAs that can be translated to produce fusion polypeptides 
(also referred to interchangeably herein as proteins). The total size of an individual chimeric 
protein can vary from zero to the total length of both proteins plus the linker segment. One can 
analyze the nucleic acid members of a fusion library thus created using standard cleavage and 
sizing methods to demonstrate the presence of fusion products. 

[0056] This fusion method can be accomplished with no intermediate transfer into a host 

cell by relying on a single selection after the second transposition process, although this approach 
is disfavored because of reduced efficiency and, consequently, reduced library size. Because the 
transposition products in the first stage do not represent a large percentage of the total DNA, it is 
instead advantageous to purify the initial products so that the ratio of reactants in the second 
stage can be controlled to promote efficient formation of the desired products. 
[0057] It is noted that many microbial selection techniques are known, including without 

limitation the use of selectable markers and biosynthetic and auxotrophic selections, and any 
such technique can be employed in the method. Selectable markers are employed in the 
exemplified embodiments because they are convenient and easily manipulated. A skilled artisan 
will understand that the selectable marker resistance gene chosen for use at any stage of the 
methods is not critical and all that is required is that the selection technique be appropriate for the 
chosen resistance gene. By way of non-limiting example, the marker can confer resistance to 
kanamycin, chloramphenicol, ampicillin, tetracycline or other drugs. 
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[0058] When manipulating the nucleic acid and cells as described herein, commercially 

available E. coli K-12 DH5 cells (recA) or JM109 cells are suitable, if no conditional origin of 
replication is in use. In the latter case, cells that supply the protein required for conditional 
replication (such as TransforMax EC100D pir-\ 16 electrocompetent E. coli K12 cells, 
commercially available from Epicentre, Madison, WI) are suitable. For deletion methods any 
bacterial strain that supports Tn5 transposition, preferably an E. coli strain such as MG1655 
(ATCC 47076), can be used. 

[0059] The number of actual transpositional protein fusions is limited both because the 

correct reading frame is maintained in only 1 of 3 events and also because the transposition insert 
is oriented properly in only 1 of 2 events in the second reaction. Therefore, a maximum of 1 out 
of 6 (16.7%) of all transpositional fusions can be true protein fusions. Although this limitation 
on the number of productive fusion products can be ignored when the library is large, as here, it 
may be otherwise desirable to screen for functionally productive fusions. 

[0060] The percentage of functional fusion products is further limited both by stop codons 

in the linker and by non-essential DNA other than the gene of interest in the construct. The 
former can be overcome or reduced as needed by modifying the linker sequence as appropriate to 
eliminate stop codons. While certain such changes could alter or even destroy the transposition 
reaction efficiency, it is likely that not every change that removed a stop codon would also affect 
transposition efficiency. The latter can be overcome by careful engineering constructs to ensure 
that only inserts into the gene of interest can produce productive transposition products that can 
both replicate and encode proper drug resistance. 

[0061] Essentially the same principles apply in the additional methods disclosed below. 

However, each of the following methods employ as a first step the synaptic complex formation 
and electroporation method disclosed in incorporated International Patent Application Number 
WO/00/7343. Briefly, as shown in Fig. 4 a precut transposon containing two pairs of 
transposase-interacting sequences arranged as disclosed in Fig. 4 is incubated with Tnpl that 
binds to and interacts with the pair of black transposase-interacting sequences in the absence of 
magnesium. The initial incubation step forms a synaptic complex poised for a first transposition 
event in the presence of a target DNA. Upon introducing the synaptic complex into cells by, e.g., 
electroporation, the synaptic complex transposes into the bacterial chromosome. After 
introduction into the host cells, those cells that have incorporated the transposon into their 
chromosome can be selected by screening for the presence of both SM4 and SM5. 
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[0062] All colonies produced in the first stage of these transposition methods can 

inducibly encode Tnp2. To induce expression of Tnp2, a colony or set of colonies are inoculated 
into a selection-free liquid medium containing an inducing agent. The choice of an inducing 
agent is entirely up to the convenience of the user and has no bearing upon the operation of the 
invention. A suitable inducing agent would be arabinose, where the arabinose promoter is 
provided upstream of the transposase-encoding sequence on the transposon. Arabinose is 
preferred because its promoter is tightly regulated. Upon induction, Tnp2 is synthesized, then 
binds to and interacts with the white pair of transposase-interacting sequences and a second 
round of transposition results. At some frequency, the transposition is intrachromosomal and as a 
result, a portion of the chromosome is deleted and the remaining chromosomal material is 
recircularized. Accordingly, a somewhat smaller chromosome results. The only evidence of the 
second transposition event is one residual mismatched pair of end sequences as is shown in Fig. 
5. 

[0063] One can readily screen for those colonies that contain a true deletion event. After 

induction of the second transposase and overnight growth to permit in vivo transposition, the 
cells are diluted and plated without drug selection (e.g., on TYE plates). Then, individual 
colonies are replica plated either on permissive medium or on medium containing SM4 or SM5. 
As shown in Fig. 6, all the colonies will grow on the permissive medium, assuming that none has 
suffered a deletion in an essential gene. However, only those colonies that are also sensitive to 
both SM4 and SM5 are in fact deletion mutants. 

[0064] A similar approach is utilized to permit the excised portion of the chromosome to 

be replicated and cloned. In this embodiment of the invention, shown in Fig. 7, a simple addition 
of an origin of replication in the portion of the transposon that is not between the inner (white) 
pair of transposase-interacting sequences accomplishes this goal. It is important to take due care 
to ensure that the origin of replication employed is not detrimental or lethal to the host cell. The 
transposon is introduced into the chromosome as in Fig. 4. Likewise, Tnp2 is induced in 
precisely the same way. Upon intrachromosomal transposition, however, the excised portion, 
shown at the bottom right of Fig. 7, contains an origin of replication and can be maintained as an 
extrachromosomal plasmid. 

[0065] Finally, relying upon precisely the same principles as the preceding two 

embodiments, the next embodiment facilitates insertion of a DNA of interest into the 
chromosome in place of the deleted portion. In this embodiment, shown in Fig. 8, the insert 
DNA is provided on the transposon outside of the inner (white) pair of transposase-interacting 

-16- 



sequences but not on the segment of the transposon that includes SM5. This portion of the 
transposon remains in the chromosome after the second round of transposition. As is shown in 
Fig. 8, SM5 is lost with the deleted portion of the chromosome while the desired insert is inserted 
in place of the deleted portion. 

[0066] In any of the disclosed embodiments, the products of a first double transposition 

method can, in fact, act as substrates for a second round of double transposition thereby further 
increasing the variety of the products. In particular, the chromosomal deletion and gene fusion 
embodiments are well suited to practicing multiple iterations of the method. By coupling the 
ability to produce a wide variety of fusion proteins with a known ability to screen for those 
proteins having desired structures or functions makes the disclosed method of great interest to the 
pharmaceutical industry, among others. At least the cloning and deletion methods can also be 
practiced entirely in vitro on non-chromosomal targets (e.g., plasmids). 

[0067] To obtain products of the methods shown in Figs. 7, one can use a regulated origin 

of replication on the resulting plasmid to provide additional level of selection. To obtain 
products of the methods shown in Fig. 8, one can merely replica plate the induced cells and select 
or screen those that have lost or retained the selectable marker or markers of interest, as 
appropriate for each method. 

[0068] Direct analysis of the random, non-lethal chromosomal deletion products can 

reveal the largest deletion that can support growth in particular medium. Moreover, because 
these deletion products leave behind only a small DNA segment and no selectable markers or 
transposase coding sequences, the process can be performed recursively, such that the deletion 
product is used in a subsequent round of insertion or deletion. By repeating this process several 
times, it is possible to reduce the size of the genome, even to the point of producing a bacterial 
strain that contains a chromosome having only those genes essential for reproduction. 
[0069] Additionally, a key requirement in high throughput DNA sequencing is to have a 

technology in place that will allow a defined primer binding site to be moved next to the region 
to be sequenced. A single transposition insertion event "randomly" places 2 primer binding sites 
within a target DNA molecule. In contrast, the double transposition deletion formation system of 
the invention can advantageously generate multiple constructs from a single transposon insert 
thereby "moving" a single primer binding site to a plurality of target DNA locations. An 
embodiment of this methodology is described in the following paragraphs. 
[0070] A transposon is constructed with distinct pairs of nested transpose-interacting 

sequences in inverted orientation relative to each another (as described elsewhere herein). For 
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example, if the outer pair are IE sequences and the inner pair are ME sequences, the IE sequences 
with an appropriate Tnpl are used to generate initial insertions and the ME sequences with an 
appropriate Tnp2 are used to generate adjoining deletions as described. Appropriately placed 
inside the element are suitable selective markers and primer binding sites. 
[0071] The transposon is inserted at random using the IE specific transposase in vitro into 

a target cloned DNA, such as a BAC clone. The transposon inserted target clone is transformed 
into cells and independent transformants are isolated and grown up. DNA sequencing is 
performed using two primers off of the two ends of the transposon inserts. 

[0072] From each insert, or from selected inserts, multiple adjacent deletions are generated 

using Tnp2. This can be accomplished either in vivo (requiring prior transformation and then in 
vivo synthesis of transposase) or in vitro followed by transformation. A suitable primer is then 
employed to sequence across the deletion end points into adjacent sequences. Each insert and 
deletion can also be physically mapped using appropriate restriction digests if desired. 
[0073] Although the methods of the invention are exemplified using transposable 

polynucleotides having two transposase-interacting sequence pairs that interact with two 
transposases, this is not intended to be a limitation on the invention, since one can engineer any 
greater number of transposase-interacting sequences into a transposable polynucleotide, as long 
as a transposase having a distinct activity can be used in combination with each such sequence 
pair. 

Example 1 

Restoration of chloramphenicol acetyl transferase (CAT) from 
N- and C-terminally-truncated genes 

[0074] Plasmid Vectors 

[0075] Plasmids were maintained in E. coli K12 (DH5a), except plasmids that contained a 

7i-dependent origin of replication which were maintained in EC 100 pir-1 16 cells. Plasmids were 
purified using a quiafilter midi kit (Quiagen). Pre-cleaved transposons were released from the 
appropriate purified plasmids by cleavage with a restriction en2yme and were then purified by 
electrophoresis and gel extraction using the quiaquick gel purification kit (quiagen). 
[0076] The plasmid vectors for the first approach to gene fusion were as shown in Fig. 2. 

A first plasmid containing a kanamycin resistance gene flanked by one IE and one IE/OE linker 
end (Linker A) was constructed using standard techniques from starting plasmid pGT4 (SEQ ID 
NO: 8) which encodes a kanamycin resistance gene flanked by IE sequences. This plasmid was 
the source of pre-cleaved transposon, which was released from the resulting plasmid by cleavage 
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with PshAl. A second plasmid contained a C-terminally truncated CAT gene fragment encoding 
the first 171 of 219 amino acids and an upstream promoter next to a transposon-interacting 
sequence specific for ME, as shown at the top of Fig. 2. The source of the CAT gene fragment 
was pACYCl 84 (New England Biolabs). The CAT gene was cloned into a vector between ME 
sequences. The vector also included an origin of replication and a gene conferring resistance to 
ampicillin. The 3 '-end of the gene and the adjacent ME sequence were deleted from the plasmid 
by cleavage with Aflll and subsequent religation. This plasmid was the target in the first 
transposition reaction. A comparable approach was taken to generating a third plasmid that 
contained an N-terminally truncated CAT gene fragment encoding all but the first 38 amino 
acids. In this case a short PvuII fragment was excised from pACYCl 84 and then relegated. The 
third plasmid also included an origin of replication and a gene conferring resistance to 
tetracycline. This plasmid was the target in the second transposition reaction. 
[0077] The plasmid vectors for the second approach to gene fusion were as shown in Fig. 

3. The source of pre-cleaved transposon substrate for the first transposition reaction was like that 
of the first approach, except that Linker A (or, in an alternative embodiment, Linker B) was 
provided in appropriate orientation at both ends of the transposon that confers resistance to 
kanamycin. The second plasmid contained a full length CAT gene (Gene A), an origin of 
replication and a gene that confers ampicillin resistance. The third plasmid contained an N- 
truncated CAT gene (Gene B) and a pi-dependent origin of replication. It will be appreciated 
that either the second or the third plasmid can be provided with the pi-dependent origin, which is 
advantageously used in maintaining members of interest in a library. Similarly, it is understood 
that the genes provided on the plasmids can be full length or partial length, depending upon the 
nature of the genes and the goal of the particular transposition process. 

Gene fusion protocol 

[0078] In all transposition reactions, DNAs were combined with the appropriate Tnp in 

transposition reaction buffer (0.1 M potassium glutamate, 25 mM Tris acetate, pH 7.5, 10 mM 
Mg 2+ acetate, 50 ug/ml bovine serum albumin, 0.5 mM P-mercaptoethanol, 2 mM spermidine, 
100 ug/ml tRNA; final concentrations) in a total volume of 20ul. Tnpl and Tnp2 were purified 
using the IMPACT system (New England Biolabs) as described previously (Bhasin et ah, 1 999). 
[0079] In the first transposition reaction, pre-cleaved transposon and target plasmid were 

added to a final concentration of 20nM each. Tnpl was added to a final concentration of 200nM 
and the reactions were incubated at 37°C for 3 hours. Products were then subjected to treatment 
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with SDS (0.5%) and heat (68C for 5 minutes) to remove Tnp from transposition products and to 
increase transformation efficiency (data not shown). Treated reaction products were then 
dialyzed against water and transformed into electrocompetent E. coli K12 cells (DH5a; 
efficiency = 8.0X1 0 8 cfu/ul plasmid). Cells were grown at 37°C in 1 ml of Luria-Bertani 
Medium (LB, Difco) to allow expression of antibiotic resistance genes. The culture was then 
used to inoculate 50ml of LB containing appropriate antibiotics and grown at 37°C for 16 hours. 
A small aliquot of culture following the initial 1 hour growth was removed and plated onto agar 
media to estimate library size (>10 5 ). 

[0080] In the second transposition reaction, purified plasmid DNA from the insert library 

and the second target plasmid were added to a concentration of 80nM each. Tnp2 was then 
added to a concentration of 400nM. Reactions were allowed to incubate at 37°C for 1 hour and 
then treated with SDS and heat, dialyzed, and transformed as above. 
[0081] In the second approach, the initial insert library was generated by mixing pre- 

cleaved transposon having Linker A at both of its ends with a target plasmid that contained 
sequences for the N-terminal truncation of the CAT gene in the presence of Tnp 1. The library 
was transformed into E. coli host cells which were outgrown in 1 ml of LB without drugs for 1 
hour and subsequently inoculated into 50ml LB and allowed to grow overnight in the presence of 
double antibiotic selection. The insert library was then purified. In the second reaction, plasmid 
DNA from the insert library was then mixed with the second plasmid that contained that 
contained sequences for the C-terminal truncation of the CAT gene. Tnp2 was added to cleave 
N-terminal fragments from the CAT gene in the insert library and insert them randomly into the 
second target plasmid. The reaction products were then transformed into E. coli host cells and 
plated on LB agar containing 20ug/ml chloramphenicol to select for functional CAT fusions. 
[0082] Although successful, Linker A was inefficient, so Linker B was tested in the same 

way. Due to the order in which the two plasmids were used, the linker orientation for fused 
genes was in the opposite direction (ME to IE) to those created by method one. 
[0083] Gel electrophoresis confirmed that the plasmid fusion libraries of the second 

approach contained one major band, indicating that the double drug selection efficiently chose 
the desired products from the second transposition reaction without prior purification. Fusion 
plasmids were shown to contain a unique EcoRV site from the first target plasmid and a unique 
Seal site from the second target plasmid. Double digestion of a single fusion plasmid yielded 
two linear DNA bands having a combined size equal to that of the fused plasmids (not shown). 
However, as expected, a smear of DNA bands of varying size was observed when the library was 
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double-digested with EcoRV and Seal because the size of the two bands in each fusion plasmid is 
different, given that the two plasmids fuse at random positions in each individual product. 
[0084] To confirm the presence of the transposon linker sequence and to determine the 

amino acid sequence of the functional fusions, plasmid DNA from a few chloramphenicol 
resistant colonies obtained in each approach were purified and sequenced. No matter which 
approach was taken, functional fusions were obtained. Eight functional fusions (obtained from 
both approaches) were analyzed. None was a 'perfect' fusion (showing no loss or duplication of 
amino acids). Seven of the eight included a duplicated CAT fragment, ranging in length from 5 
amino acids to 54 amino acids in length. One fusion was formed by a 9 amino acid deletion. 
[0085] Structural information for the CAT protein used in this study, which originates 

from transposon Tn9, does not exist. However, X-ray crystallographic structure information is 
available for the related type III Chloramphenicol Acetyltransferase (CATIII) (Leslie, 1990). A 
BLAST alignment of the primary amino acid sequences of CAT and CATIII revealed that the 
two proteins have 46% amino acid identity with only a single gap. This alignment was used to 
map the location of linker insertion in functional CAT fusions to the CATIII structure. This 
analysis predicts that, of the sixteen linker-CAT junctions, 15 are inserted in disordered regions, 
while the remaining junction is predicted to be inserted into a p-sheet one amino acid from the 
terminus. Although these results come from only one protein fusion example, the analysis 
strongly suggests that functional fusions are formed when the linker sequence does not insert into 
a location that interrupts either a-helices or p-sheets. 



Example 2 

Deletions and Identification of Essential Genes 



[0086] Media. For all experiments we used Luria broth liquid or plates media adjusted 

with antibiotics if needed as follow: chloramphenicol 20 mg/L, kanamicin 40 mg/L, ampicillin 
100 mg/L. 

[0087] Bacterial strains. E.coli K12 strain MG1655 with a known sequence of 

chromosomal DNA (Blattner et al. 1997) was used for making deletions. E.coli K12 strain DH5a 
( Sambrook at al. 1989) was used for DNA manipulations. 

[0088] Fig. 9 depicts the transposons used in this Example. Transposon TnDEL7 was 

designed for inducing deletion of dispensible genetic material and does not have an origin of 
replication, thereby allowing the immediate isolation of deletions after induction. Transposon 
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TnDEL8 contains a conditional (regulated) origin of replication and was used to maintain deleted 
genetic material in the cell on a plasmid until elimination is triggered, as described below. The 
selectable markers and other attributes of each transposon are as shown in Fig. 9. Both 
transposons Tn5DEL7 and Tn5DEL8 were cleaved from donor vectors pGT7 (SEQ ID NO: 9) 
and pGT8 (SEQ ID NO: 10), respectively, by restriction enzyme digestion using PshAI and were 
extracted from agarose gel using QIAquick Gel Extraction Kit (Qiagen). 
[0089] Both transposons contain nested pairs of transposase-interacting sequences. The 

outer pair of sequences are Tn5 IE ends that can participate in forming synaptic complexes in the 
presence of Tnpl . The inner pair of sequences are ME artificial ends that can participate in 
transposition reactions in the presence of Tnp2. This efficient combination is preferred, as high 
transposition efficiency is important for effective screening without selection. 
[0090] In the following trials, transposome synaptic complexes were introduced into cells 

by electroporation. Km R and Cm R colonies were selected. For Tn5DEL7, 50 to 80 percent of 
transposition events were recovered, with a quarter having deletions of desired orientation. For 
Tn5DEL8 the percent of successful deletion events exceeds 95%, presumably due to negative 
consequences of having two active origins of replication on the chromosome. 
[0091] Depending upon the task, single colonies, or a pooled collection of about 50 

colonies, were used to start liquid cultures. At an early exponential growth state, arabinose was 
added to induce a second transposition step. In the case of TnDEL8, chloramphenicol and IPTG 
were also added. IPTG maintains plasmids formed during deletion induction and to depress 
growth of cells in which the transpson-encoded ori did not excise from the chromosome during 
induction. This creates a selection against such cells. After a few hours, cells were sub cultured 
in the same media with 1 00-fold dilution and left shaking overnight. Then, cells were diluted and 
plated to yield single colonies for replica plating. Km s , Cm s cells were picked in the case of 
TnDEL7 and Km s cells in the case of TnDEL8. In the latter case, plasmid DNA was prepared for 
analysis. 

[0092] First, deletion size distribution was examined in the lactose operon region. This 

region was chosen for study since it is known to allow large deletions of at least 100Kb 
(Bachmann, 1996). Tn5DEL7 was delivered as a synaptic complex into E. coli MG1655 cells 
that were then plated on Lactose-McConkey's medium with antibiotic selection. E. coli MG1655 
with the deletion transposon inserted into the lac operon was isolated. A few white colonies were 
selected from thousands of red colonies. One colony was chosen for sequencing of the 
chromosomal DNA around the transposition site. The insert was located at 362,522-3 1 bp of the 
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E.coli map. A single colony having the lac phenotype was selected and DNA sequencing was 
performed to determine the location of the insertion. 

[0093] Then deletion formation was induced by induction of Tnp2 with arabinose and the 

deletions were collected by replica plating. Screening for deletions in the case of Tn5DEL7 was 
made by replica plating colonies on LB agar, LB-kanamycin (20mg/L), and LB-chloramphenicol 
(20mg/L). Cells sensitive to kanamicin were considered to have undergone transposition, and 
cells sensitive to both drugs were considered to have a deletion of adjacent DNA and the "right" 
portion of the transposon with only a small transposon linker being left on the chromosome. 
[0094] A total of 9 independent deletions were analyzed by sequencing performed on ABI 

PRISM model 377, either directly from chromosomal DNA or by an inverse PCR technique. For 
lacZ insertion, direct chromosomal DNA sequencing was performed using primer FWD2: 
5 ' C AG ATCTC ATGC A AGCTTGAGCTC 3' (SEQ ID NO:5), complementary to the transposon 
linker. For sequencing deletions produced from this insertion, inverse PCR was performed with 
primers GGTCTGCTTTCTGACAAACTCGGGC (SEQ ID NO:6), and 
ACGCGAAATACGGGCAGACATGGCC (SEQ ID NO:7). after digesting the chromosomal 
DNA with Fspl and ligating. PCR products were purified from an agarose gel and sequenced 
with the standard Big Dye protocol. Of these nine deletions, two events were insertions within 
the transposon that resulted in loss of chloramphenicol resistance. The remaining seven were 
desirable events that deleted various lengths of chromosomal DNA. The summary of the 
sequencing analysis is shown in Fig. 1 0. The deletions vary in size from 4 to 23Kb, with most 
deletions being about 20Kb. The average deletion size is both surprising and encouraging. First, 
transposon attacking its own DNA is expected to find the target at a distance just beyond the 
persistence length, which is expected to be about 100 to 200 base pairs in the cell. Secondly, 
with deletions of this size, it is feasible to reach saturation (no further deletions without deleting 
essential genes), under conditions that permit repetitive application of the technology in a 
reasonable time frame. 

Recursive deletion formation 

[0095] Advantageously, all transposon components, apart from a short linker (64bp), are 

lost after a deletion is generated using this system. The loss of the transposase gene ensures that 
the chromosome remains stable (in terms of subsequent transposition transposition). The loss of 
all selectable markers provides an opportunity to iteratively repeat the process. 
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[0096] Accordingly, 20 consecutive rounds of deletions were induced in MG1 655 cells as 

follows. The protocol was applied repeatedly to mixtures of at least 10 independent deletions, 
thereby avoiding isolating deleterious deletions that result in delayed cell growth in a mixed 
culture. After 20 rounds, ten final strains having growth rates at least equal to that of the parental 
strain were obtained. After analyzing the new strains for the loss of metabolic activities, it was 
concluded that the strains are in part interrelated and in part independent. 

[0097] To analyze the diversity and average size of deletions in these isolates, four isolates 

were digested with NotI and the digests were separated by pulse field electrophoresis using a 
CHEF-DR II BioRad system, according to the protocol of Heath et al., 1992, with minor 
technical modifications. The pattern for MG1655 matches that previously reported, and the 
identification letter for each fragment is shown at right. For each deletion strain, the pattern is 
altered and indicates a loss of DNA. The size of each new band in the four deletion strains was 
estimated by comparison to DNA markers. In some cases, bands seen in digested MG1655 DNA 
are absent, replaced in the isolates by shorter or longer fragments. The total amount of DNA 
deleted for four of the isolated strains was calculated as 250, 262, 100, and 247kb. Thus an 
average deletion size per round is 1 1 kb, which agrees well with results obtained for the lactose 
operon region. It is assumed that the size of some deletions is limited by the presence of nearby 
essential genes. This suggests that large pieces of DNA can frequently be deleted during the first 
random chromosomal insertions. In other words, E.coli has significant excess DNA for growth 
in rich media. Second, 20 rounds are insufficient to saturate the chromosome with deletions. 

Coupled chromosomal deletion / plasmid formation system. 

[0098] The obvious limitation of the deletion formation system, described above is the 

inability to introduce deletions that involve essential genes. It would be advantageous to save 
deleted DNA conditionally in the same cell and to attempt to eliminate it later. Transposon 
Tn5DEL7 was, therefore, modified to include a conditional origin of replication, namely the 
origin from pAM34 (ATCC 77185). The conditional origin was easily controlled by IPTG, 
maintained moderate copy number, was lost relatively quickly under nonpermissive conditions, 
and was competent to accommodate large inserts. Importantly, the origin characteristically shows 
very low background on selective media with selection for the presence of drug resistance or 
essential gene. Only one or two colonies can arise on a plate lacking IPTG. 
[0099] The protocol is as follows. Synaptic complexes were formed by mixing Tnpl with 

precut Tn5DEL8 in binding buffer. Transposome complexes were assembled by incubation of 
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precut transposon with Tnpl, 20 mM Tris Ac, 100 mM K Glutamate for lh at 37 °C. Molar ratio 
was attempted to be 1:5, DNA : protein, with DNA concentration of O.lug/ul. 
[00100] The complexes were introduced into electrocompetent cells at standard 
recommended conditions (2.5Kv, 5mS). Km R , Cm R colonies were selected in the first 
transposition selection. Individual colonies were inoculated into liquid media. At this point 0.4% 
arabinose and 1 mM IPTG were added and the cultures were aerated with shaking in 4ml volume 
in 20ml tubes at 37°C. Arabinose induces synthesis of Tnp2 and, hence, subsequent 
transposition events. IPTG supports maintenance of the plasmids containing DNA deleted from 
the chromosome. The cells of interest were kanamicin sensitive and chloramphenicol resistant, 
since replication of excised DNA circles was supported by keeping ImM IPTG in the media. 
Plasmids were detected in more then 90% of cases, indicating strong selection against active 
extra origin of replication on the chromosome. 

[00101] Table 1 shows the final products obtained for 15 independent insertions of 
Tn5DEL8. The largest plasmid for each case was analyzed by sequencing to define the initial 
insertion position and the extent of deletion. To determine whether the deleted DNA in each 
plasmid was essential, cells were streaked on rich media with no IPTG. In the absence of IPTG, 
the extrachromosomal plasmid, which containing the excised sequences, is lost. In some cases 
individual colonies did not form, indicating a dependence on the plasmid. The simplest cases is 
isolate 12.17. Only gene dnaK is deleted; it is known to be essential. In isolate 14.17, one of two 
genes (rpoZ and gmk) is essential. For insertion #4 three plasmids were analyzed to define DNA 
carrying essential genes. The difference in size among the plasmids is minimal, but the difference 
in consequences of elimination of plasmids is dramatic. Plasmids 4.6 and 4.9 differ by two 
genes, glyS and glyQ. Although strain 4.6 can grow without IPTG, strain 4.9 cannot. Thus, at 
least one of the genes excised in isolate 4.9 is essential. With the exception of these genes, all 
other ORFs (complete or interrupted) can be considered non-essential (at least for growth in rich 
media). 

[00102] For both strategies described here, deletions were obtained without direct selection 
as would be required for, e.g., SucB or GalK. That would require transposons to be larger and 
more importantly, would restrict the system to use with E.coli. 

[00103] This Example demonstrates the proof of principle for creating a list of essential and 
nonessential bacterial genes. It is, accordingly, now technically possible to create a 
representative library of deletions/complementary plasmids covering a genome multiple times. 
Then systematic sequencing of deletion borders, in combination with tests of survival after 
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eliminating the complementary plasmids can provide an extensive (ideally complete) set of genes 
that can be eliminated without detrimental consequences to the cell. 

[00104] The present invention is not intended to be limited to the foregoing, but rather 
encompasses all such variations and modifications apparent to the skilled artisan that fall within 
the scope of the appended claims. 
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